INTRODUCTION
============

Fluctuations of blood pressure, also known as blood pressure variability (BPV), is an area which is attracting increasing interest in cardiovascular research.^[@R1]^ Increased visit-to-visit blood pressure variability has been found to be associated with increased risk of stroke.^[@R2]^ A study evaluating short-term BPV using 24-hour ambulatory measurements has linked increased BPV with all-cause mortality.^[@R3]^ Increased BPV has also been associated with increased cardiovascular events and target organ damage among patients with hypertension.^[@R4]--[@R8]^ Since the discovery of the mercury sphygmomanometer by Samuel Siegfried Karl Ritter von Basch in 1881, various other methods to measure blood pressure have been invented. More recent methods to assess blood pressure include noninvasive continuous beat-to-beat BP recording and 24-hour ambulatory blood pressure monitoring.^[@R1],[@R4],[@R9]^ Studies evaluating BPV have either employed 24-hour ambulatory blood pressure monitoring devices to calculate short-term BPV ^[@R4]--[@R7],[@R10]^ or long-term blood pressure variations using limited measurements obtained from clinic visits.^[@R1]--[@R3]^ Presently, there is a limited number of studies evaluating beat-to-beat blood pressure recordings to determine very short-term BPV.

Blood pressure variability can be classified into short-term BPV and long-term BPV. Short-term BPV is measured within a 24-hour period (beat-to-beat, minute-to-minute, hour-to-hour, and day to night changes) while long-term BPV is measured over a longer period of time (days, weeks, months, seasons, and even years).^[@R9]^ Various indices have been employed to determine BPV. The most commonly employed index is the standard deviation (SD) of BP values.^[@R1],[@R4],[@R5],[@R7],[@R9]--[@R11]^ However, a new index, the average real variability (ARV) has been proposed to resolve the conflicting results sometimes observed with SD.^[@R12]^ The ARV index is the mean of the absolute difference between adjacent blood pressure values. It reduces the error produced by signal noise which is inevitable with the use of highly sensitive noninvasive measurement methods.^[@R12]^ This new index was inspired by the concept of real analysis of total variability in mathematics. The true variability of BP signals is defined using the difference between adjacent BP values, instead of using the assumption that the mean of absolute difference is representative of BPV. We would like to propose the use of the root mean square and the standard deviation of absolute difference in BP values to calculate BPV as a further improvement on the ARV index.

Falls are common among older individuals, and has been reported to occur in over 30% of individuals aged 65 years and over annually.^[@R13]^ Multiple risk factors have been associated with falls including impaired sensorimotor function, muscle weakening, environmental factors, medications, visual limitations, and cardiovascular disorders.^[@R14],[@R15]^ While an observed reduction in blood pressure with posture change or orthostatic hypotension (OH), is an established risk factor for falls,^[@R9],[@R16]^ there is currently no documented evidence on BPV and falls in older persons. This is likely to be because existing falls databases are insufficiently robust to observe long-term BPV and appropriate equipment and algorithms had not been readily available previously.

We hypothesize that our new indices for the calculation of very short-term BPV will produce more precise assessments of BPV, and that fallers have significantly larger postural changes in BPV. We, therefore, used the presence and absence of a history of falls to evaluate the changes in BPV from the supine to the standing posture using existing and new indices for the calculation of BPV.

METHODS
=======

Study Population
----------------

This was a case-controlled study involving 25 fallers and 25 nonfallers, recruited between January and March 2014. Fallers were recruited from patients aged 65 years and above attending the emergency department, primary care clinics and geriatric outpatients as well as referrals from other specialties. Only individuals with 2 or more falls or one injurious fall in the past 1 year were included.^[@R17]^ Falls were defined as "unintentionally coming to rest on the ground, floor or other lower level."^[@R18]^ Aged matched healthy volunteers with no history of falls were obtained from the Malaysian Elders Longitudinal Research (MELoR) research database. Any conditions associated with changes in autonomic nervous systems activity may potentially influence BPV. Therefore, we retrospectively excluded individuals with a history of uncontrolled hypertension, heart disease, stroke, diabetes, and neurodegenerative disorders.

Baseline characteristics including age, gender, characteristics of falls, and the past medical history were obtained from all subjects on the day of blood pressure assessment. Anthropometric measurements (height and weight) were also obtained, and balance and gait were assessed with the timed-up and go (TUG) test. Informed consent was obtained from each subject, and the study protocol was approved by the University of Malaya Medical Ethics Committee (MEC Ref No: 925.4).

Active Stand Beat-to-Beat Blood Pressure Test
---------------------------------------------

All subjects were assessed using continuous noninvasive beat-to-beat blood pressure monitoring using the vascular unloading method (Task Force, CNSystems, Austria).^[@R19]^ Following 10 minutes of supine rest, subjects were asked to stand for 3 minutes during which beat-to-beat blood pressure data was continuously recorded throughout 13 minutes. Assistance was provided whenever required to ensure that the transition from supine to standing occurred smoothly and swiftly. Subjects were instructed not to move their hands fitted with the finger cuff during the data collection periods to prevent any motion artifacts, and the finger cuffs were maintained at heart level throughout measurements using a specially designed sling.^[@R20]^ The presence of any symptoms of dizziness during and immediately after the active stand procedure was recorded for all subjects.

Timed-up and Go Test
--------------------

The TUG test was obtained from each subject as a previously established marker of falls due to gait or balance problems.^[@R21]^ The subject was asked to stand up from a chair with armrest, walk using their normal walking speed for 3 meters before returning to the chair. The time in seconds between the subject\'s back leaving the back of the chair and when the subject\'s back touches the back of the chair again is considered the TUG time.

Signal Processing Methods
-------------------------

Continuous blood pressure and ECG signals were collected throughout the active stand test and then exported to a MATLAB file with sampling frequencies of 100 Hz and 1000 Hz, respectively. The continuous signals were broken down into three segments; supine, transition, and erect segments. Time domain BPV for the supine and standing (first and third) data segments was determined for systolic (SBPV) and diastolic (DBPV) measurements using 5 different indices. Table [1](#T1){ref-type="table"} details a complete list of BPV indices with their brief descriptions. Index 1 was obtained by calculating the SD for the entire segment of interest,^[@R1],[@R4],[@R5],[@R7],[@R9]--[@R11]^ whereas index 2 was obtained by calculating the standard deviation for the most stable continuous 120 beats (staSD) ^[@R22],[@R23]^ for each segment by using moving average method. The ARV method used in index 3 is calculated using the average of the absolute difference between adjacent beats within each segment.^[@R12]^ Index 4 was obtained using the root mean square of real variability (RMSRV), which involved calculating the square root of the mean for the squares of absolute difference between adjacent beats.^[@R24]^ Finally, index 5 employed the standard deviation of real variability (SDRV) method, which involved calculation of the standard deviation for the absolute difference between adjacent beats.^[@R24]^
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Detailed Description of Variability Indices
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The ratio of standing BPV to supine BPV (SSR) was then computed for each subject. This derived measure represents the change in variability from the supine position to the standing position. As the 5 different methods were employed for both systolic and diastolic BPV, 10 BPV indices were produced; 5 indices from systolic BPV and another 5 indices from diastolic BPV.

Statistical Methods and Classifier
----------------------------------

We employed both statistical and classifier methods to separate the data into 2 groups.

Statistical Method
------------------

Statistical analysis was conducted using SPSS 22.0 statistical software. Continuous variables were expressed as mean ± standard deviation, whereas discrete variables were expressed as frequencies with percentages in parenthesis. Differences between groups were determined using the independent *t*-test for continuous parametric variables, and the Fisher exact test for categorical variables.

Further statistical analyses were conducted by determining potential differences in SSR with a history of falls in the past year, increasing age, and the symptoms of dizziness during standing. Subjects were divided into 2 age categories: 65 to 74 and 75 years and above, to obtain a dichotomous variable for age.

CLASSIFIER
==========

Linear discriminant analysis (LDA) is a widely used computation dependent classifier. LDA implements the concept of searching for a linear combination of variables (predictors) that best separates 2 classes (targets). In this study, 80% of the data were used to train the model whereas the remaining 20% of the data were used to test the accuracy of the model. The experiment was performed using a 5 × 5-fold cross-validation on all of the BPV indices, TUG, age, and gender factors. The sensitivity, specificity, and accuracy for each variable were then determined.

RESULTS
=======

Baseline Demographic Data
-------------------------

From a total of 50 subjects, aged (mean ± SD) 76 ± 7 years, 20% men (Table [2](#T2){ref-type="table"}), there was no significant age difference between the 2 groups of fallers and nonfallers. Only the completion time for TUG shown significant between fallers and nonfallers (*P* = 0.04).
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Baseline Demographic Data
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Blood Pressure Variability
--------------------------

Systolic blood pressure variability of fallers computed from all 5 indices showed a significant increase due to the posture change from supine to standing (Table [3](#T3){ref-type="table"}). Whereas for the nonfallers, only 4 indices of SBPV (Index 2--Index 5) showed a significant increase. The SSR for BPV is categorized according to 3 factors: falls, age, and dizziness (Table [4](#T4){ref-type="table"}). There were statistically significant differences in SSR SBPV between fallers and nonfallers using index 4 (RMSRV) and index 5 (SDRV), with trends to increased SSR SBPV for the remaining 3 indices. There were nonsignificant trends to higher SSR SBPV and SSR DBPV for those with age 76 and above. There were also nonsignificant trends to higher SSR SBPV and SSR DBPV for those who report symptoms of dizziness while standing.
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Supine and Standing Blood Pressure Variability in Fallers and Nonfallers
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Differences in Standing to Supine Blood Pressure Variability Ratio According to Falls History, Age, and Symptoms of Dizziness
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Performance of Individual Indices in LDA
----------------------------------------

The TUG provided accuracy or a positive predictive value of 64.4% in predicting the risk of falls. Thus, a cut-off of 60% was selected. Using the variable SSR SBPV, the 3 indices of ARV, RMSRV, and SDRV (indices 3--5) provided accuracies of over 60% for the prediction of falls. The remaining parameters of SSR DBPV, age \>75 years and reported symptoms of dizziness did not produce adequate accuracy for the prediction of falls. The complete table of results is shown in Table [5](#T5){ref-type="table"}.
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DISCUSSION
==========

This study introduced 2 new methods of calculating blood pressure variability: RMSRV and SDRV. RMSRV and SDRV were found to be better indices for the computation of BPV compared to SD and ARV. RMSRV and SDRV also discriminated fallers and nonfallers better than the other methods for SBPV and showed acceptable accuracy for the prediction of falls using LDA compared to using SD or staSD.

Previous studies evaluating BPV have primarily used SD and frequency domain spectral analysis methods to determine very short-term SBPV and SD or coefficients of variations to determine short-term (24 hour) and long-term BPV.^[@R1]^ This study focused on time domain methods rather than frequency domain methods. The simplest index to calculate the blood pressure variability is the SD or the square root of variance. SD reflects all the cyclic components responsible for variability in the period of recording since variance is mathematically equal to the total power of spectral analysis.^[@R24]^ The authors of a recent study suggested that ARV was a more reliable index for BPV.^[@R12]^ This study suggests that RMSRV and SDRV may be superior to ARV and SD and should be considered in future studies of BPV.

Blood pressure values vary with each heart beat whether subjects are supine down, sitting, or standing still.^[@R19]^ Fluctuations in BP can be considered as the BPV of the subject for that particular position.^[@R25]^ As such, the SD would appear to be the best measure to determine BPV. However, when a subject changes his or her posture, there is a shift of the baseline BP value.^[@R26]^ For example, using sitting BP as the reference level, BP will drop and then recovers back to a new reference level with variable degrees of overshoot from baseline while standing. The speed of recovery is dependent on the sensitivity of the subject\'s baroreflex responses. The usage of SD is affected by this low frequency trend. However, with the absolute difference between individuals' beats, the effect of these low frequency trends can be minimized. The newer formulae introduced in this paper employ the absolute difference of adjacent BP values to calculate BPV, which explains the better performance of ARV, RMSRV, and SDRV. In addition, SD is also influenced by measurement errors that may be present with individual blood pressure measurements; limiting its suitability for very short-term BPV calculations due to the large amount of noise associated with noninvasive beat-to-beat digital BP measurements.

Very short-term BPV was used to evaluate BPV in this study. Most studies investigating BPV have assessed mainly short-term measurements using 24-hour blood pressure measurements, and long-term BPV. The mechanism for visit-to-visit or day-to-day blood pressure variations have been linked to arterial stiffness, whereas short-term BPV is affected by humoral changes and autonomic responses.^[@R1]^ Very short-term BPV is likely to have minimal influence from humoral changes and is therefore likely to reflect central autonomic control, but may be influenced by the changes in intrathoracic pressure associated with respiration. The significance of very short-term BPV using beat-to-beat measurements therefore remains unclear.

Changes in BPV between supine and erect positions within subjects were measured to assess the potential differences in the effect of posture change on BPV between older individuals with and without a history of falls in the past year. Since BPV can be influenced by factors such as emotions and medications, direct comparisons between supine BPV and erect BPV between subjects may be affected by confounders such as diabetes. This study has demonstrated an increase in SBPV with standing, independent of falls status. Upon assuming an upright posture, sympathetic activity increases. This, in turn, increases peripheral vascular tone to prevent a reduction in blood pressure that would otherwise occur due to the effects of gravity. An increase in BPV with standing indicates that the gravitational reduction in blood pressure with standing does occur on a beat-to-beat level regardless of whether the older individual has previously sustained a fall, but baroreflex responses then increase the heart rate or peripheral resistance to overcome this drop.^[@R25]^ The standing-to-supine ratio therefore assesses the ability of the baroreflex to respond to blood pressure changes associated with posture change.

There was a significant increase in the SSR for SBPV in our older fallers compared to nonfallers using the RMSRV and SDRV methods of determining BPV, with trends to significance using the other three previously published methods. This indicates that RMSRV and SDRV are more sensitive to potential differences in BPV and also suggests that falls in older people may be associated with an impaired baroreflex response. As the SSR measures the change in BPV between the standing and supine positions, this implies that older fallers have larger increases in fluctuations in systolic blood pressure during standing compared to nonfallers. This larger change in blood pressure may potentially be associated with an increased risk of postural instability due to its effect on cerebral perfusion. To our knowledge, no previous studies have investigated the relationship between BPV and falls. Research on falls has mainly focused on the association between falls and the hypotensive disorders of orthostatic hypotension, vasovagal syncope, and carotid sinus hypersensitivity (CSH). Finucane et al evaluated BPV using frequency domain methods in older individuals with CSH, a condition characterized by bradycardic and/or hypotensive responses and associated with falls in older individuals. They found an increase in Mayer waves, which were low frequency fluctuations in blood pressure in older individuals with recurrent syncope or falls with predominant vasodepressor responses to carotid sinus massage, the diagnostic test for CSH, compared to the older patients with falls or syncope with no significant blood pressure reduction in response to carotid sinus massage.^[@R27]^ The above study, however, had not involved nonfallers, but further supports our hypothesis of larger blood pressure fluctuations affecting postural stability.

This study introduces 2 new indices with which to assess BPV. The new indices: RMSRV and SDRV show promise as more precise methods for determining BPV. Future studies evaluating cardiovascular endpoints associated with BPV should therefore consider including these new indices which appear to address the difficulties associated with existing indices used to determine BPV. In addition, this paper has also exposed a positive relationship between increased fluctuations in BP with posture change among older fallers with the likely underlying pathological processes being impaired baroreflex responses to posture change and subsequent reduction in cerebral perfusion affecting postural stability. A larger cohort study evaluating the relationship between variations in postural changes in BPV with the incidence of falls determined prospectively should now be considered.
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